The finite difference time-domain (FDTD) method is used to simulate the light absorption enhancement in a plasmonic metalsemiconductor-metal photodetector (MSM-PD) structure employing a metal nanograting with phase shifts. The metal fingers of the MSM-PDs are etched at appropriate depths to maximize light absorption through plasmonic effects into a subwavelength aperture. We also analyse the nano-grating phase shift and groove profiles obtained typically in our experiments using focused ion beam milling and atomic force microscopy and discuss the dependency of light absorption enhancement on the nano-gratings phase shift and groove profiles inscribed into MSM-PDs. Our simulation results show that the nano-grating phase shift blue-shifts the wavelength at which the light absorption enhancement is maximum, and that the combined effects of the nano-grating groove shape and phase shift degrade the light absorption enhancement by up to 50%.
Introduction
In recent years, sub-wavelength nanostructured metal nanogratings have been identified as promising candidates for realising high-speed improved sensitivity metal-semiconductor-metal photodetectors (MSM-PDs) [1] . The strong interaction of a nanostructured metal grating with an incident light enables trapping the light through the metal finger slit into the semiconductor substrate, leading to substantial improvement in light absorption, and opening the way for a wide range of potential applications, such as optical fiber communications, high-speed chip-to-chip interconnects, and high-speed sampling [2, 3] .
An MSM-PD is simply composed of two back-toback Schottky diodes and has interdigitated metal fingers deposited onto a semiconductor substrate as an active light absorption layer. Upon detection of photons, it collects the electric currents generated by photo-excited charge carriers in the semiconductor region, which drift under the electric field applied between the metal fingers. The speed of MSMPDs can be limited intrinsically by the carrier transit time between the electrodes. The interdigitated electrodes in MSM-PDs result in a huge increase in bandwidth and reduction in dark current, in comparison to conventional PIN photodiodes with active areas of similar size [2] [3] [4] . Recently, the use of surface plasmon-assisted effects has been reported for the development of MSM-PDs with a highresponsivity bandwidth product [5, 6] .
Several theoretical and experimental results have been reported on the extraordinary optical transmission through the sub-wavelength metallic apertures, and metal gratings [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] . Based on finite-difference time-domain (FDTD) simulation, results have shown significant enhancement of light absorption through interaction with surface plasmon polaritons (SPPs) for the design of MSM-PDs [1, [5] [6] [7] [8] [9] [10] [11] . In this paper, the FDTD method is used to simulate the light absorption enhancement in a GaAs MSM-PD structure, wherein the metal fingers are structured to form a metal nanograting above an unperturbed part of the metal fingers. The cross-sectional profiles of nanograting-assisted MSM-PD samples patterned by focused ion beam (FIB) milling and the surface topography of the device are experimentally investigated using atomic force microscopy (AFM). Experimental results show that the real nanograting profile shapes are not rectangular (which would represent an ideal profile in terms of the achievable absorption enhancement) for grooves formed aiming at achieving a rectangular-shaped profile, but rather close to trapezoidal. We have previously investigated the effects of metal nanograting groove shapes [11] and analyzed their impact (or influence) on the light absorption enhancement in MSM-PDs. In this report, we carry out FDTD simulation on metal nanogratings with phase shifts [7] and show that, due to the combined effects of the nanograting groove shapes and the nanograting phase shift, the light absorption enhancement decreases and the wavelength, at which the light absorption enhancement is maximum, is red shifted.
Plasmonics-Based MSM-PD Srtucture Design

Experimental Observation of Nanograting Phase Shift in MSM-PD.
In this section, we discuss the experimental observation of nanograting phase shift of slits (aperture widths) in MSM-PD structures. Figure 1 shows the SEM images of two MSM-PD nanogratings etched inside the top part of the gold (Au) layer using the FIB milling system. A 10 nm Cr adhesion layer and a 190 nm-thick Au layer were deposited on top of the GaAs substrate using an e-beam evaporator to form the Schottky-diode pads (cathode and anode). FIB lithography (which has superior performance for cutting sharp-edge profiles compared to conventional photolithography systems) was used to partially etch the Au layer and fully etch a 100 nm aperture, as shown in Figure 1 . The FIB-etched aperture widths were 145 nm and 168 nm, respectively, causing nanograting phase shifts of (145-100) nm = 45 nm (∼20
• ), and (168-100) nm = 68 nm (∼31
• ) as shown in Figures 1(a) and 1(b), respectively. The term "nanograting" phase shift (δ) is defined as, δ ≡ 2πx g p /Λ, where, x g p is half of the difference between the widths of the first metal ridges of the nanograting, and Λ is the metal nanograting period (illustrated in Figure 4 ). It was also observed, through SEM imaging, that the nanograting profile is trapezoidal (or like a V-grooved shape), rather than rectangular. This trapezoidal shape results from the redeposition of gold atoms and truncation of nanograting edges by the etching ion beam.
In addition to the SEM images (shown in Figure 1 ), and to further confirm the nanograting groove shapes, an AFM system (XE-100 from Park system) was used to analyze the surface topography of the nanogratings. The AFM images shown in Figures 2(a) and 2(b) confirmed the shape of the nanograting is nearly trapezoidal profiles and the aspect ratios are between 0.5 and 0.8 (approximate measurement). The aspect ratio is defined as the trapezoid top-to-bottom base ratio.
Based on these experimental results (SEM and AFM images), the groove shape of the nanograting was taken into account in conjunction with the phase shift of the nanogratings to simulate the light absorption enhancement in plasmonics-based MSM-PDs. groove profiles and nanograting phase shifts. Figure 3 illustrates a plasmonic-based MSM-PD structure, which consists of three separate layers, namely, (i) a top layer (metal nanograting), (ii) an unperturbed metal layer (underlayer) containing conventional sub-wavelength apertures, and (iii) a semiconductor (GaAs) substrate. For a metal nanograting with the period of Λ, the wave vector of the excited SPPs (k sp ) is given by [1, [8] [9] [10] [11] 
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where ω is the angular frequency of the incident light wave, c is the speed of light in vacuum, and θ is its angle of incidence with respect to the device normal, and l is an integer number. In this analysis, we denote the complex dielectric permittivity of the metal as ε m = ε m + iε m and the dielectric permittivity of air is denoted as ε d . Using (1), a period of Λ = 810 nm for the Au/air interface corresponds to a GaAs MSM-PD with an edge of absorption of around 830 nm for θ = 0. We selected the duty cycle of grating corrugations to be 50%. A typical MSM-PD structure with a rectangular Au nanograting is shown in Figure 3 . The dependency of the plasmon-assisted light absorption enhancement on the geometric shape of the nanograting corrugations cross-sections and grating phase shift was investigated using the FDTD simulation method. In our simulation, the thickness of the unperturbed metal layer containing sub-wavelength apertures shown as h s was 10 nm and the height of the metallic nanogratings, h g , was 90 nm. Figure 5 : Total electric field intensity distribution in the cross-section of computational volume behind the nanograting with different grooves cross-section and the following grating parameters: the nanograting height is 90 nm, unperturbed gold (Au) layer thickness is 10 nm, grating period is 810 nm, and the sub-wavelength aperture width is 100 nm. The color scale has been optimized for representing small weak-field intensity variations. The nanograting profiles are (a) rectangular shaped (aspect ratio 1) with the grating phase shift 0
• , (b) trapezoidal shaped (with an aspect ratio of 0.8) with a grating phase shift of ∼45
• , and (c) trapezoidal shaped (with an aspect ratio of 0.5) with a grating phase shift of ∼90
• .
between the widths of the first metal ridges of the nanograting, and Λ is the metal nanograting period. The general trapezoidal-shaped nanograting profile was considered more practical than the ideal rectangular-shaped profile, because it is the closest cross-sectional profile to that developed using FIB milling in the case of small-featuresize (sub-100 nm) nanopatterned grooves. Two trapezoidalshaped gratings were simulated, which had aspect ratios (trapezoid-top to base length) of 0.8 and 0.5, respectively. Figure 4 (c) illustrates a trapezoidal-shaped nanograting profile with grating phase shift. In the simulation, the grating phase was varied from 0 to around 90
• . The incident light normally passes through the subwavelength apertures and reaches the GaAs substrate, thus generating electron-hole pairs. In addition, the light absorption within GaAs is assisted by the SPPs excited near the metal-semiconductor interface near the nanograting region. The energy of light incident on the metal nanograting is partially coupled into propagating SPPs that increase the light coupled into the sub-wavelength aperture, thus improving the light absorption efficiency in the semiconductor substrate. The improvement in light absorption is due to SPP-generated localized regions of high-intensity electric field distribution (as illustrated in Figure 5 ). Therefore, the nanograting acts as a light concentrator (plasmonic lens) or collector triggering extraordinary optical transmission (and therefore absorption) within the active regions of the photodetector.
MSM-PD designs of different groove shapes (with and without the metal nanograting) were simulated using the Opti-FDTD software package developed by Optiwave Inc. In the simulation, we used a mesh step size of Δx = 10 nm and a time step of Δt < 0.1Δx/c. The excitation field was modeled as a Gaussian-modulated continuous wave. The incident light wave was TM-polarized (its electric field oscillation direction was along the z-axis, perpendicular to the nanograting grooves). The anisotropic perfectly matched layer (APML) boundary conditions were applied in both xand z-directions. The gold (Au) dielectric permittivity was defined by the Lorentz-Drude model [21] and the dielectric permittivity data of GaAs was taken from [22] .
A density plot of the total (transmitted) electric field strength within the substrate cross-section is shown in Figure 5 . We used a custom-designed Matlab algorithm to calculate the total electric field intensity distribution, which results from the vector summation of the modeled complex electric field component distributions along the x-direction (E x ) and the z-direction (E z ). From Figure 5 , it is clearly seen that the significant amount of light passing through the region of sub-wavelength aperture width is mainly due to the plasmon-assisted effects, which result in propagating SPPs excited by the incident light waves and concentrated (by plasmonic lenses) within the photodetector's active region. The light transmission inside the substrate depends on the aperture size and the nanograting profile. Figure 5 (a) shows the total electric field intensity distribution (generated using the computed complex electric field distribution) inside the substrate cross-section for an ideal rectangular-shaped nanograting with the grating phase shift 0 • . Figures 5(b) and 5(c) show the total electric field intensity distribution inside the substrate for more practical trapezoidal-shaped (aspect ratio of 0.8 and 0.5) nanograting profiles with the nanograting phase shift of 45
• and 90 • , respectively. It can be noted that the light transmission inside the substrate of the trapezoidal-shaped nanograting MSM-PD is lower than that of a rectangular-shaped nanograting MSM-PD. This reduction is due to the combined effects of the nanograting groove shapes and the nanograting phase shift, as discussed later.
Results and Discussion
In this section, we discuss the simulation results of different MSM-PD structures having different types of nanograting groove-geometry designs as well as the light absorption enhancement dependency on the sub-wavelength aperture widths and the nanograting phase shift. We particularly modeled the impact of the nanograting groove shape, the nanograting phase shift, and the aperture width on the light absorption enhancement. The light absorption enhancement factor is defined as the ratio of the normalized power transmittance of MSM-PD with the metal nanograting to the Figure 7 : Light absorption enhancement factor spectra for MSMPDs with plasmon-assisted operation for various grating phase shifts. Here, the nanograting phase shift is varied from 0
• to 90
• . The sub-wavelength aperture width was kept constant at 100 nm and the groove shape was rectangular.
normalized power transmittance of the same device without a metal nanograting [10, 11] . Figure 6 shows the simulated light absorption enhancement factor spectra of MSM-PD structures with different aperture widths, namely, 50 nm, 100 nm, and 200 nm. The grooves of the nanograting were rectangular shaped in their cross-sections. The simulation results show that the light absorption enhancement factor decreases rapidly with the increasing of sub-wavelength aperture width. We obtained a light enhancement factor of about 50 times for a 50 nmwide sub-wavelength aperture width, about 28 times for a 100 nm-wide sub-wavelength aperture and about 16 times for a 200 nm-wide sub-wavelength aperture width.
From the above results (shown in Figure 6 ), the subwavelength aperture width of 100 nm can be realized with an FIB milling system. Figure 7 shows the simulated light absorption enhancement factor spectra of several optimized MSM-PD structures with different grating phase shifts (between 0
• and 90 • ). The results show that the light absorption enhancement factor decreases rapidly with increasing the grating phase shift. The light absorption enhancement factor is about 10 times for a grating phase shift of 0
• . However, when the grating phase shift is increased to 90
• (for the same aperture width) the light absorption enhancement factor drops to below 10 times (as shown in Figure 7 ). Also note from Figure 7 that the peak wavelength position is shifted from 850 nm to 837 nm when the grating phase shift increased from 0
• . Figures 8(a) and 8(b) show the spectral distribution of the light absorption enhancement factor for trapezoidal nanograting groove shapes with aspect ratios of 0.8 and 0.5, Figure 8 : Light absorption enhancement factor spectra for trapezoidal-shaped nanograting with the aspect ratios of 0.8 (a) and 0.5 (b) for different nanograting phase shifts. In this case, the sub-wavelength aperture width was kept constant at 100 nm.
respectively, for different grating phase shifts. From Figure 8 we notice that the light absorption enhancement factor decreases slowly with increasing the grating phase shift. However, for a smaller aspect ratio the light absorption enhancement factor is smaller. Also, when the grating phase shift is 90
• the degradation in light absorption enhancement drops by 50% in comparison to the case of a 0
• grating phase shift. Note that, from Figures 8(a) and 8(b) , the combined impact (or influence) of the groove shape and the grating phase shift is a reduction in the light absorption enhancement factor from 15 to around 5.
The maximum light absorption enhancement factor versus the nanograting phase shift is shown in Figure 9 , for rectangular and trapezoidal grating profiles. It is clear that the light absorption enhancement factor decreases rapidly with increasing the nanograting phase shift for rectangular shaped nanogratings. However, for trapezoidalshaped nanogratings, the rate at which the light absorption enhancement factor decreases is small in comparison with that of the rectangular-shaped nanograting profile. Figure 10 shows the peak wavelength at maximum light absorption versus the nanograting phase shift characteristics for different nanograting profiles. In this simulation, we considered the constant grating period of 810 nm and the nanograting phase shifts were varied from 0
• for a constant grating height of 90 nm. For rectangular-shaped (when an aspect ratio is 1) nanograting profiles the maximum light absorption enhancement peak was about 847 nm and it was not affected with the nanograting phase shifts, that is, the peak wavelength was independent on the nanograting phase shift. However, for a trapezoidal-shaped nanograting profile with an aspect ratio of 0.8, the peak wavelength shift drifted from 847 nm to 837 nm when the nanograting phase shift was increased from 0
• . For the same conditions, the peak wavelength shift drifted from 837 nm to 827 nm, when the aspect ratio was 0.5 for a trapezoidal-shaped nanograting profile. These variations, as well as the light absorptionenhancing performance differences between the different nanograting profiles are likely due to the shape-dependent and phase shift differences in the effective refractive indices of the nanopatterned metal layers.
Conclusions
We have modeled the light-capture performance of MSM-PD structures employing metal nanogratings of different cross-sectional profiles in conjunction with the nanograting phase shift in terms of the light absorption enhancement and hence the responsivity-bandwidth product. The FDTD technique has been used to optimize the different device parameters, such as sub-wavelength aperture width, nanograting shapes, grating phase shift, and other structure parameters for maximized the light absorption enhancement. Our simulation results have shown that an optimsed MSM-PD structure can attain a maximum light absorption enhancement of about 28 times (with 100 nm-wide sub-wavelength aperture width) better than conventional MSM-PDs. Furthermore, the simulation results of practical trapezoidal-shaped nanogratings have shown that for a 90
• phase shift, the light absorption enhancement drops by around 50%. These results are useful for the design and development of plasmonics-based high-speed MSM-PDs.
